Objective. We investigated the relationship between human immunodeficiency virus (HIV) phenotypic susceptibility to didanosine and the antiviral activity of didanosine (ddI) in the JAGUAR study.
classes. As a consequence, drug-resistance testing is now recommended for patients failing у1 prior ART regimen, to optimize their subsequent regimen [2, 3] . Genotypic resistance tests identify mutations in the viral genes targeted by antiviral drugs and have been used in several prospective studies to guide the choice of antiretroviral drugs [4] [5] [6] . The benefit of genotype testing is further improved by expert interpretation of the results, which may reveal complex patterns of mutations in patients who have had several ART regimens [7] . However, as multiple interpretation algorithms of genotypic tests are elaborated and as resistance to antiretroviral drugs evolves, these tests become difficult for clinicians to interpret. Phenotypic assays, on the other hand, have the potential advantage of providing a quantitative assessment of viral susceptibility to all antiviral drugs and, thus, of measuring the continuum of susceptibility that may exist between virus and drug. Although a prospective trial of phenotypic resistance testing did not demonstrate any benefit of treatment decisions based on phenotypic guidance for the test cohort as a whole, patients with protease-inhibitor resistance or with greater treatment experience at baseline did appear to benefit [8] . Of note, the California Collaborative Treatment Group (CCTG) 575 study demonstrated the importance of accurate clinical break points in the interpretation of phenotypic resistance data, because the failure of phenotypic testing to clearly demonstrate an advantage was at least partially attributed to inaccuracy in the clinical cutoffs for multiple drugs [8] . The JAGUAR study, because of its design and carefully collected clinical outcome data, presented an excellent opportunity for the identification of accurate phenotypic cutoffs for didanosine (ddI).
In the present study, we used data from the recently completed JAGUAR study [9] to investigate the ability of baseline phenotypic susceptibility to ddI to predict virologic outcome. In this add-on, randomized, placebo-controlled trial, ddI was the only drug added to a failing regimen for the assessment of its short-term antiviral activity and safety. The primary objective of the analysis was to investigate the relationship between phenotypic susceptibility to ddI at baseline and virologic response at 4 weeks, using the PhenoSense assay (Monogram Biosciences). A second objective was to identify and refine clinically relevant break points associated with reduced susceptibility to ddI in vivo.
MATERIALS AND METHODS
Study design. The JAGUAR study was a multicenter, add-on, randomized, double-blind, placebo-controlled, comparative trial performed at 29 sites in France [9] . Patients were randomly assigned in a 2:1 ratio to add ddI ( ) or a matching n p 111 placebo ( ) to their current antiretroviral regimen for 4 n p 57 weeks. ddI was provided as 1 enteric-coated capsule (400 mg for patients weighing у60 kg and 250 mg for patients weighing !60 kg) and placebo as 1 matching capsule. At 4 weeks, there was a significant decrease in mean plasma HIV-1 RNA load of Ϫ0.56 log 10 copies/mL in patients who received ddI, compared with an increase of 0.07 log 10 copies/mL in those who received the placebo ( ) [9] . P ! .001 Plasma HIV-1 RNA measurements and end points. Plasma HIV-1 RNA loads were measured in a central laboratory using the Amplicor HIV-1 Monitor kit (Cobas 1.5 test; Roche Diagnostic Systems) at baseline, week 2, and week 4 (W4). The lower limit of quantification was 50 copies/mL. Two virologic outcomes were considered: the reduction in log 10 plasma HIV-1 RNA load at W4 (continuous variable) and a virologic response defined as the proportion of patients with a reduction of у0.5 log 10 in plasma HIV-1 RNA load at W4 or with a W4 plasma HIV-1 RNA load !50 copies/mL (dichotomous variable).
Phenotypic resistance assay to ddI. The phenotypic measures of viral susceptibility to ddI in patient plasma samples were determined using the PhenoSense HIV assay (Monogram Biosciences) [10] . Phenotypic susceptibility results were expressed as the fold change (FC) in susceptibility to ddI and were calculated as the ratio of the IC 50 of patient-derived virus to the IC 50 of the drug-susceptible control virus NL4-3. Reproducibility data were obtained from 20 repeated phenotype results for 3 site-directed mutants: WAC 2 (GenBank accession number DQ988164), WAC 8 (DQ988165), and WAC 10 (DQ988166). These 3 mutants are clonal viruses derived from a clinical plasma sample that have distinct patterns of drugresistance mutations. The WAC virus genotypes were defined by the amino acids that differed from those of the wild-type virus NL4-3. The Phenotypic susceptibility scores (PSSs). Three PSSs were assessed. For each score, the FC ranged from 0 (ddI-resistant virus) to 1 (ddI-susceptible virus). A partially continuous PSS (PSS1) was calculated as follows: the value 0 was assigned to observations with FC у10; 1 to FC values less than or equal to the lower cutoff (LCO); and a value between 0 and 1, calculated as , for observations 1 Ϫ (FC Ϫ LCO)/(10 Ϫ LCO) with an FC between the LCO and 10, as described elsewhere [11] . Distinct LCOs were investigated. A dichotomous PSS (PSS2) assigned 1 to observations with a ddI FC less than or equal to the LCO and 0 otherwise. A completely continuous PSS (PSS3) was designed to reflect the distribution of the observed FCs in our data. PSS3 was calculated as 1 Ϫ {log 10 dichotomous ddI FC (as defined in PSS2). Multiple categories of ddI FC were examined, and the trend toward decreasing reductions in HIV-1 RNA load across FC categories was tested using the Jonckheere test [12] . The test for trend in virologic response (dichotomous variable) across FC categories used the Cochran-Armitage test. Distinct couples of cutoffs were explored, and the choice of the final cutoffs was based on both P values and practical relevance.
RESULTS
PhenoSense assay reproducibility for ddI. Figure 1 displays the results of 20 replicate measures of FC ddI for each of the 3 mutants. For the WAC 8 and WAC 10 mutants, all measures stayed within a ddI FC of ‫92.0ע‬ and ‫,94.0ע‬ respectively. For the WAC 2 mutant, the range covered a ddI FC of ‫.10.1ע‬ The CVs were 8.2%, 8.6%, and 12% for WAC 8, WAC 10, and WAC 2, respectively, which indicated that the assay is highly reproducible. With the WACs, we assessed the assay's reproducibility on clones. Mean ddI FC IC 50 values obtained for 20 clones were 0.84, 1.63, and 1.81 for WAC 8, WAC 10, and WAC 2, respectively, and the 95% confidence intervals were 0.82-0.89, 1.56-1.69, and 1.71-1.91. In a previous publication, the natural variation in drug susceptibility of nearly 3000 clinical isolates defined as wild-type viruses for all drugs was described [13] . For ddI, the median FC IC 50 value for wild-type viruses was found to be 0.9, with the 99th percentile being 1.3, which corresponds to the biological cutoff. A narrow confidence interval around the median for wild-type viruses demonstrates the ability of the PhenoSense HIV assay to reliably measure subtle but clinically relevant changes in drug susceptibility. This precision of assay allows assessing with confidence that mutational alteration leading to a slight increase in phenotypic resistance to ddI would be detected at an FC of 11.3. Phenotypic susceptibility to ddI in the JAGUAR study. figure 2 . The patient with a ddI FC of 22 was considered to be an outlier and had baseline mutations associated with multidrug resistance (A62V, K65R, V75I, F77L Y115F, F116Y, Q151M, and M184V).
Reduction in plasma HIV-1 RNA load at W4 as a virologic outcome. A number of univariate linear models were fitted to the data using the reduction in plasma HIV-1 RNA load as a virologic outcome. In the ddI group, ddI FC and PSS1 were not predictive of a reduction in viral load, whereas log-transformed ddI FC and PSS3 were highly predictive ( and P p .004 , respectively). Although both log 10 ddI FC and PSS3 P ! .0001 were significantly associated with a reduction in plasma HIV-1 RNA load at W4, they explained only 12% and 8% of the reduction, respectively (table 1). The variability explained may appear to be modest, but fitting a linear regression with baseline plasma HIV-1 RNA load as a single variable resulted in P p ( ), and regression with baseline CD4 cell 2 .0047 R p 0.0802 count resulted in ( ). When the dichot-2 P p .0086 R p 0.0735 omous PSS2 score was used, median reductions in log 10 -transformed plasma HIV-1 RNA load were 0.96 and 0.43 copies/ mL in patients defined as susceptible (PSS2, 1) and resistant (PSS2, 0), respectively ( , Wilcoxon test). None of these P p .001 variables were significantly associated with a reduction in plasma HIV-1 RNA load in patients from the placebo group.
The association between increasing ddI FC categories and decreasing reductions in HIV-1 RNA load was found to be significant ( ) when the Jonckheere test was used (figure P ! .0001 3A). The median decreases in log 10 plasma HIV-1 RNA load were 1.01, 0.50, and 0.10 in patients with ddI FCs of р1.3, 2.2-1.3, and у2.2, respectively (figure 3B) ( , Jonck-P ! .0001 heere's test for trend). Similar P values were also obtained with 3 other pairs of cutoffs-1.3/2.0, 1.6/2.0, and 1.6/2.2-but the intermediate FC interval was even more narrow than that of 1.3/2.2, which limited the use of such intervals in practice. In addition, the threshold of 1.3 is also the biological cutoff for ddI. Similar analysis applied to the placebo group did not demonstrate any significant association between ddI FC categories and reductions in plasma HIV-1 RNA load (data not shown).
Virologic response at W4 as a virologic outcome. Nine (9%) of 98 patients reached an HIV-1 RNA load !50 copies/ mL at W4. In the ddI group, the proportion of patients with a virologic response (defined as a reduction of у0.5 log 10 in plasma HIV-1 RNA load at W4 or a W4 plasma HIV-1 RNA load !50 copies/mL) by ddI FC categories varied from 100% to 29%, with large variability in sample size for individual FC categories ( figure 4A ). The trend was statistically significant, which indicates a higher percentage of virologic response in the categories with lower ddI FCs ( , Cochran-Armitage P p .0007 test). The proportion of responders was 83% (15/18 patients) with a ddI FC р1.3, 50% (33/66 patients) with FC 1.3-2.2, and 29% (4/14 patients) with у2.2 ( , Cochran-Ar-P p .0008 mitage test). In accordance with these findings, 3 categories were defined using 1.3 and 2.2 as thresholds for both reduction in plasma HIV-1 RNA load and virologic response (figure 4B). Similar analyses performed in the placebo group did not show a significant association between virologic response and ddI FC categories (data not shown).
DISCUSSION
Our results demonstrate a relationship between baseline phenotypic susceptibility to ddI and antiviral activity of ddI at W4 in treatment-experienced patients with virologic failure who added ddI to their failing regimen. The design of the JAGUAR study was appropriate for the investigation of such a relationship for at least 2 reasons. First, the add-on design of the trial required that ddI be the only new drug introduced in the ART regimen, which ensured that any difference in virologic outcomes between the placebo and treatment arms could be reasonably ascribed to the addition of ddI. Second, a continuous outcome such as the reduction in plasma HIV-1 RNA load is more informative than a binary virologic response, especially when one is searching for a continuous relationship. In addition, assessing reductions in plasma HIV-1 RNA load at W4 led to a low proportion of patients being censored by the limit of detection of the assay, which allowed the use of standard statistical methods instead of methods specific to censored observations [14, 15] .
In clinical practice, it is usually helpful to classify the susceptibility of a pathogen to drugs into at least 3 categories (high, low, or intermediate) to determine whether the use of a drug is appropriate. In the field of HIV infection, however, the use of phenotypic susceptibility assays has been limited by an insufficient understanding of the relationship between FCs in IC 50 values and the probability of virologic response in any given patient. "Clinical cutoffs" are critical in allowing the clinicians to properly interpret phenotypic resistance data and select active regimens for their patients. The CCTG 575 study, which showed no benefit to phenotypically guided regimen selection, used an arbitrary clinical cutoff of 2.5 for all drugs, including ddI, so that viruses with a measured ddI FC of р2.5 were uniformly called "sensitive." It was argued that the lack of benefit of the phenotypic arm in CCTG 575 could be partially explained by inaccurate clinical cutoffs for a number of drugs, particularly nucleoside analogues, which resulted in suboptimal ART selection [8] . Recent data have suggested that a cutoff of 2.5 may be too high for ddI and stavudine and too low for abacavir [16, 17] . On the basis of the results of the present study, we now know that the probability of virologic response to ddI begins to wane at FC values of 1.3 and decreases to !30% by the time the FC increases to 2.2, let alone 2.5. Similar analyses of abacavir add-on studies have established a lower clinical cutoff of 4.5 for that drug. Examination of the drug usage patterns in CCTG 575 showed a disproportionately high frequency of use of ddI and a correspondingly low frequency of use of abacavir in the phenotypically guided arm of that study, compared with that in the control arm, exactly as one would predict if the cutoffs for these drugs were erroneously high or low, respectively [8] .
We classified phenotypic susceptibility to ddI into 3 different categories, which were associated with distinct levels of reductions in plasma HIV-1 RNA load and proportions of virologic responses. The use of phenotypic FC cutoffs of 1.3 and 2.2 allowed us to identify patients with a high (84%), intermediate (50%), or low (29%) probability of virologic response, defined as a reduction in viral load of at least 0.5 log 10 HIV-1 RNA or a level of HIV-1 RNA !50 copies/mL (figure 4B). The same cutoffs were associated with a median decrease in log 10 plasma HIV-1 RNA load at W4 of 1.01, 0.5, and 0.1, respectively (figure 3B). The ddI cutoff used in the PhenoSense assay was 1.7 before the results of our study (available at: http://www .monogramhiv.com/assays/hcp/phenosenseHIV.aspx). Using this 1.7 cutoff would have led us to obtain only 62% of virologic responders among patients with phenotypic susceptibility to ddI and up to 42% of virologic responders among patients with phenotypic resistance to ddI (data not shown). This finding emphasizes the importance of defining appropriate clinical cutoffs for phenotypic testing and offers further support to the notion that the use of incorrect clinical cutoffs may explain the results of CCTG 575. Thus, in accordance with the results of our study, the lower clinical cutoff for ddI was refined from 1.7 to 1.3. The precision and reproducibility of the PhenoSense assay for ddI (figure 1) allowed this decrease of the clinical cutoff value.
However, our study does have some limitations. Our results were obtained using the PhenoSense assay and cannot be extended to other phenotypic assays because of differences in methodology and performance characteristics. Efforts should be made to pursue the rigorous definition of clinical cutoffs for all phenotypic assays, because there is now evidence to suggest that the accuracy of clinical cutoffs can have a marked effect on the ability of any assay to predict outcome and, thus, to properly offer the best chance of choosing an effective regimen for the patient. In addition, the population of patients in whom the study was performed may not be representative of all treatment-experienced patients.
Although we believe that the results we obtained in the present study are valid and that the design of the clinical trial and the statistical tests were appropriate to study and define clinically relevant cutoffs of phenotypic assays [9] , efforts should be made to validate the results of these analyses using additional, larger data sets. This raises methodological challenges, because patients are rarely if ever treated in a way that would facilitate the easy analysis of cause and effect, as in add-on studies like JAGUAR. However, as larger databases are created and more information becomes available regarding the clinically relevant break points for each drug in the HIV armamentarium, it may become possible to account for the confounding influence on virologic response of all but the drug under study and, thus, to examine the FC-response relationship in a "real world" setting. Such approaches may ultimately lead to more accurate assessments of antiviral activity for individual patients, the selection of more effective regimens resulting in more durable responses, and less drug resistance.
